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HES transcriptional repressors are important components of the Notch pathway that regulates neurogenesis from Drosophila to
vertebrates. These proteins are normally induced by Notch activity and inhibit neural commitment by antagonizing the activity of proneural
genes. We describe here four chick hes genes that are expressed during neurogenesis: three hes5-like genes (hes5-1, hes5-2 and hes5-3) and
one hes6-like (hes6-2). We show that hes6-2 represses transcription of the hes5 genes, thus functioning as a negative regulator of Notch
signaling. Conversely, hes6-2 may be repressed by hes5 activity. In cells committing to differentiation, we find that hes6-2 is up-regulated by
proneural genes and contributes to the proneural program of neuronal commitment by preventing Notch activity in these cells. In neural
progenitors, Notch signaling produces an initial burst of hes5 activity, which represses hes6-2. However, as hes5 transcription declines due to
negative auto-regulation, hes6-2 may become active and inhibit the remaining hes5 activity to end Notch signaling. These cells can then enter
a new cycle of fate decisions and will be kept as progenitors if a new pulse of Notch activity occurs. Maintenance of progenitors during
vertebrate neurogenesis therefore requires that these cells go through successive cycles of Notch activity. We propose that the hes5/hes6
circuitry of negative cross-regulations is a conserved feature of the Notch pathway that underlies these cycles in neural progenitors.
D 2005 Elsevier Inc. All rights reserved.Keywords: Notch signaling; hes genes; NeurogenesisIntroduction
A conserved feature of the genetic circuitry regulating
neurogenesis, in animals as different as flies and mammals,
is the antagonism between two different sets of basic helix–
loop–helix (bHLH) proteins. Proneural proteins of the
Achaete–Scute and Atonal/Neurogenin families play a
positive role in promoting the commitment of a cell to a
neural fate, while bHLH-Orange (bHLH-O) proteins from
the Hairy and Enhancer of Split (HES) family repress this
cell fate decision. The balance between the activity of these
two sets of bHLH proteins and, therefore, the final fate of
the cell, is dictated by a cell–cell communication system
known as lateral inhibition, mediated by the Notch receptors0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.03.017
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E-mail address: henrique@fm.ul.pt (D. Henrique).and their ligands Delta/Serrate (reviewed by Campos-
Ortega, 1994). In Drosophila, where this system was first
studied, proneural proteins are expressed in groups of
ectodermal cells, called proneural clusters, which thereby
acquire the potential to follow a neural fate. Although each
cell in a group has an equivalent potential, only one of them
becomes neural and inhibits its neighbors from adopting a
similar fate by activating the Notch pathway in the latter
cells. Notch activation leads to transcriptional up-regulation
of genes encoding HES proteins, which suppress the activity
of the proneural genes and, thereby, keep these cells
uncommitted. In this way, one cell in the equivalence group
realizes its neural potential and ensures that other cells are
prevented from doing so.
This basic mechanism has been well conserved during
animal evolution and controls the development of a great
variety of cell types, not only of neural cells (reviewed by
Artavanis-Tsakonas et al., 1999; Lewis, 1998). In recent81 (2005) 318 – 333
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have been the focus of intense research, and regulation at
different levels of the pathway has been shown to have
important contributions to its final outcome (reviewed by
Lai, 2004; Schweisguth, 2004). Despite its complexity, a
unique feature of the Notch cell–cell communication
system is that it mediates a simple binary decision, ensuring
that cells acquire one of two alternative fates, the nature of
which depends on the embryonic context and developmental
time. This unique feature is based on the robust design of
the Notch pathway, at the core of which an inter-cellular
feedback loop functions to amplify small differences in the
potential of the cells, leading invariably to a distinct
outcome in each of them.
In Drosophila, the bHLH-O proteins that mediate Notch
activity in responding cells are encoded by the Enhancer of
split Complex [E(spl)-C], which contains seven genes
clustered in a single 60 kb complex and seems to have
mostly overlapping functions (Bray, 1997; Knust et al.,
1992). Drosophila contains other genes encoding bHLH-O
proteins, like the hairy and deadpan genes, which do not
mediate Notch activity, although they also regulate neural
development.
The HES family of bHLH-O proteins is characterized by
the presence of a conserved proline at the basic region and a
WRPW tetrapeptide at the carboxy-terminus, which was
shown to interact with the co-repressor encoded by the
groucho gene (Paroush et al., 1994). Another domain,
located after the bHLH region, was also found to be
conserved among HES proteins and named Orange domain
(Dawson et al., 1995), being important for the specificity of
protein–protein interaction between various HES proteins.
These are known to be DNA-binding transcriptional
repressors and the recognition sequences to which they
bind have been characterized (N-boxes and ESE-boxes),
being different from the E-boxes recognized by proneural
proteins (Davis and Turner, 2001). The main mechanism of
transcriptional repression by HES proteins is based on the
WRPW-mediated recruitment of Groucho, which interacts
with and inhibits the transcriptional machinery. HES
proteins might also block the activity of the proneural
bHLH proteins by direct protein–protein interaction, form-
ing heterodimers that are unable to promote neural commit-
ment. Therefore, different mechanisms can be used by the
HES proteins to counteract the activity of the proneural
proteins during neurogenesis.
The first hes genes described in vertebrates were a
homologue of hairy and a homologue of the E(spl) genes,
which were given the names of hes1 and hes3, respec-
tively (Sasai et al., 1992). Several other vertebrate genes of
the hes family have since then been described, some of
which were shown to participate in Notch signaling during
neurogenesis (reviewed in Davis and Turner, 2001).
However, the general regulation of hes gene function
during neural development is still poorly understood. In
the mouse, for instance, four hes genes are expressed inthe developing neural tube (hes1, hes3, hes5 and hes6),
with distinct, but partially overlapping patterns. Only hes5
has been shown to be directly regulated by the Notch
pathway in vivo (de la Pompa et al., 1997; Lutolf et al.,
2002), but its deletion does not phenocopy Notch
inactivation during neurogenesis (Ohtsuka et al., 1999).
In addition to hes5, two other hes genes (hes1, hes3) have
to be inactivated to cause complete elimination of the
neural progenitor pool and premature neuronal differ-
entiation (Hatakeyama et al., 2004), as expected for a
total absence of Notch signaling (Henrique et al., 1997a).
Since neither hes1 nor hes3 is direct target of Notch
signaling in the neural tube, this apparent redundancy in
hes function raises the question of whether hes1 and hes3
normally function as Notch effectors in the neural tube and
how they interact with hes5 to control neurogenesis. The
hes6 gene might participate also in this network of hes
genes, as it was shown to act as a negative regulator of
hes1 (Bae et al., 2000; Gratton et al., 2003; Koyano-
Nakagawa et al., 2000). Whether it interacts also with hes3
and hes5 and how these interactions contribute to the
Notch pathway’s function during neurogenesis remains to
be known.
In this paper, we address the regulation and function of
hes genes in the developing spinal cord of the chick and
how they participate in the cascade of events in the Notch
pathway that regulate neuronal production. We show that a
series of interactions between the hes5 and hes6 genes, and
of those with the proneural genes, are important to control
different steps along neural development. In particular, we
show that the Notch effectors hes5 genes are transcription-
ally repressed by the product of the hes6-2 gene, which may
function as a negative regulator of Notch activity, both in
neural progenitors and nascent neurons. We propose that
this hes5/hes6 circuitry of negative regulation is a key
mechanism to ensure a proper modulation of Notch activity
throughout neurogenesis.Materials and methods
cDNA cloning
Initial PCR cloning was performed with cDNA prepared
from HH12 chick embryos and degenerated primers targeted
at the bHLH and WRPW regions conserved in the HES gene
family. The PCR fragments were then used to screen a
HH17 spinal cord cDNA library and full-length cDNAs
were obtained for 4 different E(spl)-like genes.
Digoxigenin and Fluorescein-labeled RNA probes for
the 3 hes5-like genes, hes6-2, Delta-1, ngn-1 and Notch1
were synthesized by T3 or T7 RNA polymerase, from
plasmid templates containing the full-length cDNAs
(partial cDNA for Notch1). Antisense RNA probes
complementary only to the 3VUTR of the four hes genes
were also synthesized.
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Super-coiled plasmid DNA was injected into the neural
tube of HH11–12 chicken embryos at a concentration of
2 Ag/Al in PBS, with exception of the hes6-2 construct,
which was used at 1 Ag/Al. Platinum electrodes (Nepagene
CUY613G), distanced 4 mm between anode and cathode,
were placed parallel to the neural tube, and embryos were
pulsed 4 times (30 V/50 ms), using a Electro Square
Poratori ECM830 (BTX). Embryos were incubated for 8 h
or 24 h and then harvested.
Plasmid constructs to express the chick HES proteins
were generated in pCAGsIRES-GFP, which is derived from
the pCAGs vector (Niwa et al., 1991) and contains an IRES-
GFP cassette downstream of a polylinker followed by a stop
codon in each frame (Bekman, E. and Henrique, D., un-
published). cDNAs for the 4 chick hes genes were cloned
in the polylinker, after removal of the 5V and 3V UTR, and
all contain the same consensus Kozak sequence surround-
ing the initial ATG. The vector encoding a HES6-2:VP16
fusion was made by fusing a hes6-2 cDNA lacking the
WRPW domain (prepared by PCR with the primers 5V-
CGGAATTCGCCACAATGACGGCCGCAG3 V/
5VCGGGATCCQGGGCTGCAGGACCT-3V) and the VP16
sequence (amino acids 412–490). All vectors were checked
by sequencing.
For construction of cNicd@pCAGsIRES-GFP, a NotI
2.5kbDNA fragment from cNicd-pYDF30 (Wakamatsu et al.,
2000) was subcloned in the pCAGsIRES-GFP vector. The
vectors pCIG and X-Su(H)DBM@pCIG were kindly provided
by Andy McMahon (Megason and McMahon, 2002). The
cDNAs encoding the full-length rat proteins NGN-1 and
NGN-2 (Mizuguchi et al., 2001) were subcloned in pCIG.
For each construct, a minimum of 6 electroporated
embryos were analyzed by in situ hybridization and immu-
nofluorescence, with at least 10 sections from each embryo
scored for phenotypes. Images presented in figures are
representative of each experiment. Controls were done
by electroporating the pCAGsIRES-GFP vector alone and
no alterations in gene expression were observed, with any
of the probes here described. Statistical analysis of results
presented in Fig. 10 (‘‘NGN-2’’ vs. ‘‘NGN2+ Hes5-1’’ and
‘‘NGN-2’’ vs. ‘‘NGN2+ HES6-2’’) was done using t test.
In situ hybridization and immunofluorescence
Chicken embryos were collected and fixed in 4%
paraformaldehyde/PBS at 4-C. Whole-mount in situ
hybridizations were done as described (Henrique et al.,
1995), with modifications. For hybridization on cryostat
sections, fixed embryos were cryoprotected in 15%
sucrose in PBS, embedded in 7.5% gelatin/15% sucrose/
PBS and cryosectioned (12 Am). Hybridization on cryostat
sections was done as previously described (Myat et al.,
1996), with modifications. Double in situ hybridization on
cryostat sections was done with DIG- and fluorescein-labeled RNA probes. The fluorescein-labeled probe was
first detected with AP-conjugated anti-Fluo antibody
(Roche) and developed with Fast-Red substract (Roche).
After washing in PBS, sections were blocked and incu-
bated with HRP-conjugated anti-DIG antibody (Roche),
followed by FITC-Tyramide amplification, as recommended
by the manufacturer (Perkin-Elmer). Electroporated cells
were visualized after in situ hybridization using a polyclonal
antibody against GFP (AbCam). Detailed protocols are
available upon request. The Tuj1 antibody (Lee et al.,
1990) was kindly provided by A. Frankfurter (Univ.
Virginia).Results
The chick genome contains three hes5 and two hes6
homologues
Using degenerate PCR and cDNA library screening, we
have cloned 4 new members of the hes gene family in the
chick. Three of these genes encode highly related proteins
with strong homology to the mammalian HES5 protein and
were named hes5-1, hes5-2 and hes5-3. The other gene
encodes a protein with homology to mammalian HES6 and
was named hes6-2, since there is another gene in the chick
genome encoding a bHLH protein with even higher
homology to mammalian HES6 (hes6-1; Fig. 1). The chick
hes6-1 gene is not expressed during neurogenesis in the
neural tube and was not studied further.
Full-length cDNAs encoding the three chick hes5 genes
(hes5-1, hes5-2 and hes5-3) and the two hes6 genes (hes6-1
and hes6-2) predict proteins of 157, 178, 154, 206 and 228
amino acid residues, respectively, with all the structural
features of the E(spl) subfamily of bHLH-O transcriptional
repressors (Davis and Turner, 2001). The three chick HES5
proteins show a high degree of homology between each
other in the bHLH region (around 95% identity) and to
human HES5 (80 to 83% identity) but show more
divergence in the Orange domain (47 to 75% identity
between them and to hHES5). As the Orange domain
confers specificity for protein–protein interaction (Dawson
et al., 1995), the three chick HES5 proteins may have
slightly different properties.
The chick HES6-1 and HES6-2 proteins display only 56
and 52% identity with human HES6 in the bHLH domain,
respectively, but have more than 60% identity at the Orange
domain, in which we could identify a signature sequence for
the HES6 subfamily (Fig. 1). The bHLH domain of the
chick HES6 proteins, like those of mouse and human HES6,
contains a shorter loop region when compared to the other
HES proteins.
Analysis of the recently available chick genome reveals
that the protein-coding region of each chick hes5 gene, like
the mammalian counterpart, is encoded in 3 exons, whereas
the other chick hes genes (hes6, hairy1 and -2) contain 4
Fig. 1. Sequence alignment of the chick HES proteins with the mouse HES5 and HES6 proteins. The three HES5 proteins show clear homology to mHES5, with
HES5-1 being the closest homologue. The chick HES6-1 protein was predicted from various ESTs (Boardman et al., 2002) (sequence identifier 332379.4) and
shows higher homology to mHES6 than HES6-2. A HES6-specific motif at the Orange domain can be identified in all HES6 proteins (orange dashed line).
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Chromosome 21, within a 20 kb region of DNA, adjacent to
the fang1 gene encoding the enzyme pantothenate kinase 4
(Supplementary Fig. 1). A similar cluster of three hes5-like
genes exists in the Fugu genome, also near the fang1 gene
(data not shown). In comparison, both the mouse, rat and
human genomes contain only one hes5 gene, also linked to
the fang1 gene, revealing that this linkage has been
conserved throughout evolution.
The chick hes5 and hes6-2 genes are expressed in neural
progenitors, but hes6-2 is also expressed in nascent neurons
In the developing chick CNS, hes5-1, hes5-2 and hes5-3
transcripts are first detected at HH4-5 (stages according to
Hamburger and Hamilton (1951)) in cells at the Caudal
Neural Plate (CNP), adjacent and posterior to Hensen’s node(Figs. 2A–I). Previous fate map studies (Brown and Storey,
2000; Henrique et al., 1997b; Mathis et al., 2001) indicate
that this region is a stem zone that contains the precursor
cells of the caudal part of the CNS (reviewed by Del Corral
and Storey, 2004). The domain of hes5 expression in the
chick CNP overlaps with that of the proneural gene cash4
(Henrique et al., 1997a), and both genes continue to be
expressed similarly in the caudal stem zone around the
regressing Hensen’s node, until primary neurulation ends.
This expression pattern of the hes5 and cash4 genes in the
stem zone suggests that Notch signaling has a role in
regulating cell fate decisions in this region.
In contrast to cash4, however, the chick hes5 genes are
also expressed in the neural tube, from the onset of
neurogenesis. This second wave of hes5 expression starts
at HH6–7 (Figs. 2B,E,H), in the neural tube region flanking
the first somite, and coincides with the appearance of the
Fig. 3. Expression of chick hes genes in the developing spinal cord at HH23
in transverse sections. The four hes genes are expressed in the ventricular
region of the neural tube (A,E,G,J) where Notch-1 is expressed (B,D,H,K).
Merged images (C,F,I,L) show overlap in expression (DAPI in blue. Red
and green signals arise from in situ hybridization with DIG and
Fluorescein-labeled RNA probes, revealed with Fast-Red and FITC-
tyramide, respectively). Expression of hes genes is absent from differ-
entiated neurons, as shown by the complementary labeling with the
neuronal marker TUJ-1 (M–P). Scale bars = 50 Am.
Fig. 2. Expression pattern of the chick hes genes at early stages of neural
development. At HH4-5, the three hes5 genes show a very similar
expression in the Caudal Neural Plate (CNP, white arrows) (A,D,G), while
hes6-2 starts to be expressed asymmetrically around Hensen’s node (J,
white arrow), showing also weak expression in the primitive streak and
adjacent mesoderm (J). At HH6-7, all three hes5 genes are strongly
expressed in the CNP (B,E,H, white arrows) and start to be also expressed
in the neural plate region flanking the first somite (black arrow), coinciding
with the initial hes6-2 expression in the same region (K, black arrow).
Asymmetric expression of hes6-2 is still present in the right side of
Hensen’s node (K, white arrow), and very weak expression can be detected
also in the ectoderm around it. At HH8-9, the four hes genes are expressed
throughout the neural tube (C,F,I,L, black arrow) with exception of the
hindbrain.
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(Henrique et al., 1995). Expression of chick hes6-2 starts
also at HH6–7 in this region, overlapping with the second
wave of hes5 expression. The hes6-2 gene is not expressedin the CNP stem zone but shows asymmetric expression
around Hensen’s node at HH5 (Fig. 2J), perhaps reflecting
the known Notch function during establishment of left–
right asymmetry (Raya et al., 2004).
As development proceeds, the expression of the four
chick hes genes in the forming neural tube correlates
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neurogenesis (Hollyday, 2001), being detected initially
in the ventral spinal cord and later, expanding also
dorsally (data not shown). Transcripts of the four hes
genes can be detected in the ventricular region where
neural progenitors are located and Notch1 is expressed,
being absent from the mantle zone where differentiating
neurons are accumulating (Figs. 3A–P). The chick hes5-
1 and hes5-3 genes present a more homogeneous
expression in the ventricular region (Fig. 3A), spanning
the whole dorso-ventral axis (excluding the floor plate),
while hes5-2 shows stronger expression in the ventral
half of the neural tube (Fig. 3E). Comparing with the 2
Notch ligands, Delta1 and Serrate1 , which have
complementary expression domains in the neural tubeFig. 4. Double in situ hybridization of the chick hes5-1, hes6-2 and Delta-1 ge
(expression of hes5-2 and hes5-3 is identical to hes5-1). Double in situ hybridiza
spinal cord at HH23 [white boxes indicate zoomed regions (C,G,J-scale bars 12,5A
with cDelta-1 (A–C). Nascent neurons with strong cDelta-1 expression (arrow in C
hes6-2 (arrows in J) co-express cDelta-1 (H–J) and are more basal (E) in compar
and hes6-2 shows that cells with strong hes6-2 expression are at the edges of
hybridization with DIG and Fluorescein-labeled RNA probes, revealed with Fast-
(C), (G) and (J).(Myat et al., 1996), the four chick hes genes are
transcribed in both domains, overlapping with Notch1
across the entire D–V axis of the spinal cord (Figs.
3A–L). Double in situ hybridization reveals, however,
some differences between the expression of the chick
hes genes: while all three hes5 genes are expressed in
neuroepithelial cells located apically, with little overlap
with Delta-1 in newborn neurons (Figs. 4A–C), the cells
with stronger hes6-2 expression are located more basally
(Fig. 4E), the majority of which co-express Delta-1
(Figs. 4H–J). This indicates that the chick hes5 genes
are expressed only in neural progenitors, while hes6-2,
although first expressed in progenitors, is most highly
expressed in cells that are embarking on neuronal
differentiation.nes reveals differences in expression between the hes5 and hes6-2 genes
tion in transverse (A,H) and longitudinal sections (B–G,I,J) in developing
m)]. hes5-1 expression is limited to the ventricular zone, with little overlap
) do not express hes5 genes. In contrast, the cells with higher expression of
ison to cells expressing hes5-1 (D). In panel (G), double in situ with hes5-1
the hes5-1 expression domain. Red and green signals arise from in situ
Red and FITC-tyramide, respectively. Scale bars = 50 Am, except in panels
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In both Drosophila and vertebrates, hes genes are
essential components of the Notch pathway. Their expres-
sion is regulated by Notch signaling and some HES proteins
function as downstream effectors of the Notch cascade. The
similar expression pattern of the chick hes and Notch1
genes suggests that the hes genes also implement Notch
signals during neurogenesis in the chick embryo. To test this
idea, we first assessed how the chick hes genes respond to
Notch signaling and, second, whether they are able to
convey Notch activity during neurogenesis.Fig. 5. Regulation of the hes genes by the Notch pathway. Electroporated cells are
Notch (NICD) led to a decrease in TUJ-1+ cells (A,AV) and cDelta-1 expression (B
1 (D,DV), hes5-2 (E,EV) and hes5-3 (F,FV) are up-regulated by NICD. In contrast,
pathway (due to X-Su(H)DBM overexpression) leads to an increase in TUJ-1+ cells
also in a slight increase in hes6-2 expression (I,IV). In contrast, the expression ofDriving expression of a constitutively active form of the
Notch1 receptor (Wakamatsu et al., 2000) in the embryonic
neural tube leads to up-regulation of the three hes5 genes
and a reduction in hes6-2 expression (Figs. 5C–FV). By
contrast, blocking Notch activity by overexpressing a
dominant-negative form of the Xenopus homolog of
Drosophila Suppressor-of-Hairless, (X-Su(H)DBM (Wett-
stein et al., 1997), leads to a down-regulation of hes5
expression and up-regulation of hes6-2 (Figs. 5I–LV).
Together, these results indicate that all four chick hes genes
are targets of Notch signaling, although they respond
differently to alterations in Notch activity. The chick hes5shown in green due to the expression of GFP reporter. The activated form of
,BV), indicating that neurogenesis was inhibited. The chick hes5 genes, hes5-
hes6-2 is down-regulated by NICD (C,CV). Down-regulation of the Notch
(G,GV) and cDelta-1 expression (H,HV). X-Su(H)DBM overexpression results
the three hes5 genes is reduced (J–L, JV–LV). Scale bars = 50 Am.
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expression is dependent on Notch activity and could
therefore function as transcriptional effectors of Notch
signaling. However, hes6-2 seems to be repressed by Notch
activity and is unlikely to be a direct effector of Notch
signaling in the chick neural tube.
To ask whether the chick hes5 genes are indeed effectors
of the Notch signaling pathway during neurogenesis, each
of the three hes5 genes were overexpressed in the
embryonic neural tube. In each case, we detect a similar
phenotype to that obtained by increased activity of the
Notch pathway (Fig. 5), namely, a decrease in the number of
Tuj-1 positive neurons and a repression of the chick ngn1
and Delta1 genes (Figs. 6A–C and data not shown). In
addition, hes6-2 expression is repressed by overexpression
of each of the three hes5 genes (Figs. 6D,DV and data not
shown), as well as by overexpression of an activated form of
the Notch1 receptor (Figs. 5C,CV). These results indicate that
the chick hes5 genes are bonafide Notch effectors during
neurogenesis in the embryonic chick neural tube.
Cross-regulation and auto-regulation of the chick hes5
genes
A remarkable feature of hes genes is that they can be
negatively regulated by their own products through direct
binding to the respective promoters (Cooper et al., 2000;
Hirata et al., 2002, 2004; Sasai et al., 1992; Takebayashi et
al., 1994). This enables the establishment of negative
feedback loops in hes gene regulation, which might have
an important function on overall architecture of the Notch
pathway (Meir et al., 2002). In the chick embryo, theFig. 6. hes5-1 can mediate Notch activity. Electroporated cells are shown in green
decrease in TUJ-1+ cells (A,AV), Delta-1 (B,BV) and ngn-1 expression (C,CV), in
HES5-1 and NICD repress the expression of hes6-2 (D,DV). Overexpression o
expression (data not shown). Scale bars = 50 Am.presence of three hes5 genes raises the possibility of
multiple interactions between these genes to modulate
Notch signaling. To check the ability of hes5 genes to
regulate themselves and investigate possible interactions
between them, we overexpressed each of the three hes5
genes in the embryonic neural tube and analyzed the effect
on the transcriptional output of each gene (using probes
from the 3V untranslated region, not included in the
expression vectors). Our findings, summarized in Table 1,
indicate that hes5-1 and hes5-2 are indeed able to negatively
regulate their own transcription (Figs. 7A,E). In addition,
the two genes negatively cross-regulate each other, as
shown by the repression of hes5-2 transcription caused by
overexpression of HES5-1, and vice-versa (Figs. 7B,D). By
contrast, hes5-3 is up-regulated by overexpression of HES5-
1 or HES5-2 (Figs. 7C,F). Furthermore, hes5-3 is not
negatively auto-regulated, as HES5-3 overexpression leads
instead to up-regulation of the corresponding gene (Fig. 7I).
HES5-3 overexpression causes also up-regulation of both
hes5-1 and hes5-2 (Figs. 7G,H), raising the question of how
can a putative transcriptional repressor lead to simultaneous
up-regulation of the three hes5 genes.
hes6-2 is a repressor of the three hes5 genes
The simplest way to explain how overexpression of
HES5-3 results in increased transcription of the three hes5
genes is to postulate the existence of a common hes5
repressor, whose activity is itself repressed by hes5-3. In
addition, such negative regulator of hes5 transcription must
be also repressed by hes5-1 and hes5-2, since their
overexpression results in up-regulation of hes5-3 (but notdue to the expression of GFP reporter. Overexpression of HES5-1 causes a
dicating that neurogenesis is inhibited. In addition, both overexpression of
f HES5-2 and HES5-3 also inhibits neuronal differentiation and hes6-2
Fig. 8. Interactions between the three hes5 genes indicate the existence of a
common repressor (R) that itself might also be repressed by each of the
hes5 genes. Since hes5-3 is unable to negatively auto-regulate its own
expression, the repressing activity of this gene on the putative repressor
leads to up-regulation (de-repression) of all the hes5 genes, as shown in
Table 1.
Table 1
Summary of the cross-regulations between the chick hes5 genes
ches5-1 ches5-2 ches5-3
HES5-1 , , j
HES5-2 , , j
HES5-3 j j j
While hes5-1 and hes5-2 are able to negatively auto-regulate their
expression, as well as repress each other, they both lead to an increase in
hes5-3 transcription. Strikingly, HES5-3 overexpression leads to an
increase in its own expression, as well as that of hes5-1 and hes5-2.
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common repressor is therefore postulated to play a central
role in the concerted regulation of the three hes5 genes,
being able to repress all of them and being also repressed by
any of them (Fig. 8).
A good candidate to encode such a common repressor is
the hes6-2 gene, which is actually negatively regulated by
the hes5 genes (Fig. 6D and data not shown). To test this
idea and address whether hes6-2 is indeed able to repress
the activity of the three hes5 genes, 2 different plasmid
constructs were electroporated in the embryonic neural tube:
one encoding a full-length version of the HES6-2 protein
and another a putative dominant-negative version, in whichFig. 7. Cross-regulation between the chick hes5 genes. Electroporated cells are show
h after electroporation. Overexpression of HES5-1 results in the down-regulation of
regulation of hes5-3 (C,CV). Similarly, overexpression of HES5-2 results in the dow
up-regulation of hes5-3 (F,FV). On the contrary, overexpression of HES5-3 resultsthe C-terminal WRPW domain is replaced by a potent
transactivation domain from the viral protein VP16. This
fusion protein is expected to bind to the same promoter sites
as the normal HES6-2 protein but activate, rather than
repress, transcription of target genes (Jimenez and Ish-
Horowicz, 1997). Our results show that HES6-2 over-n in green due to the expression of GFP reporter. Embryos were collected 24
the endogenous hes5-1 (A,AV) and hes5-2 genes (B,BV), while it leads to up-
n-regulation of the endogenous hes5-2 (D,DV) and hes5-1 genes (E,EV) and in
in the up-regulation of three hes5 genes (G–I, GV– IV). Scale bars = 50 Am.
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(Figs. 9A–CV), while overexpression of the HES6-2:VP16
fusion has the opposite effect, producing a marked increase
on transcription of the three hes5 genes (Figs. 9D–FV).
Together, these results indicate that the HES6-2 protein
recognizes the promoter of the hes5 genes and negatively
regulates their transcription, supporting the model that hes6-
2 functions as a central node on the network of hes5
regulation.
hes6-2 cooperates with the proneural genes to promote
neuronal differentiation
The above results suggest that hes6-2 acts as a negative
regulator of Notch signaling by repressing transcription of
hes5 genes. This activity may be important in cells leaving
the proliferative zone of the neural epithelium, where hes6-2
expression reaches its peak and may function to reduce
Notch signaling and facilitate differentiation into neurons.
To test this idea, we first asked whether the activity of
hes6-2 is sufficient to promote neuronal differentiation. Our
results show that overexpression of hes6-2, despite produc-
ing a marked decrease in hes5 expression, leads to a block
in neuronal differentiation, as shown by down-regulation of
Delta1 and ngn1 expression, and a decrease on Tuj1-
positive neurons (Figs. 10E–FV and data not shown). Thus,
hes6-2 activity is not enough to promote neuronal differ-
entiation per se, suggesting that the presence of high levels
of proneural activity is, most likely, the decisive factor for
neuronal commitment.
Indeed, overexpression of proneural proteins (NGN1 or
NGN2) in the chick neural tube is enough to drive cells into
differentiation, as shown by the increase in Delta-1Fig. 9. hes6-2 is a common repressor of the three hes5 genes. Overexpression of
(C,CV). On the contrary, overexpression of HES6-2:VP16 activates transcription
electroporation. Electroporated cells are shown in green due to the expression ofexpressing cells and by the subsequent increase in Tuj1-
positive neurons, 24 h after electroporation (Figs. 10C–DV
and data not shown). The increase in Delta1 expression is
accompanied by up-regulation of hes6-2 (Figs. 10A–B),
indicating that this gene may be a target of proneural genes
in nascent neurons. This finding raises the hypothesis that
hes6-2, although unable to drive neuronal differentiation
alone, may function as part of the proneural program,
cooperating with the proneural proteins to push cells into
differentiation.
To test this hypothesis, the embryonic neural tube was
electroporated simultaneously with expression vectors
containing cDNAs encoding HES6-2 and NGN2. In
addition, another group of embryos was electroporated
with expression vectors for NGN-2 and HES5-1, and the
effects on neurogenesis were compared. The results
indicate that simultaneous overexpression of NGN-2 and
HES6-2 has indeed a synergistic effect on neuronal
differentiation (Figs. 10I–JV), as shown by the higher
number of Delta1-expressing cells and Tuj1-positive
neurons (45.4 T 6% of electroporated cells are also Tuj1-
positive, n = 2076), when compared with the over-
expression of NGN-2 alone (30.6 T 5% of electroporated
cells are Tuj1-positive, n = 1868; P < 0.05)(Figs. 10C–DV).
By contrast, HES5-1 has an antagonistic effect on NGN-2
activity, as overexpression of NGN-2 and HES5-1 together
leads to a decrease on neuronal production (13.7 T 6% of
electroporated cells are Tuj-positive, n = 1297; P < 0,05)
(Figs. 10G–HV). Thus, these results indicate that hes6-2
cooperates with the proneural genes during neuronal
commitment, presumably by inhibiting the Notch effectors
encoded by the hes5 genes in nascent neurons and, thereby,
promoting their differentiation.HES6-2 represses transcription of hes5-1 (A,AV), hes5-2 (B,BV) and hes5-3
of the three hes5 genes (D–F, DV–FV). Embryos were collected 24 h after
GFP reporter. Scale bars = 50 Am.
Fig. 10. The proneural genes activate hes6-2 and, together, these genes promote neuronal differentiation. (A,B) Neurogenins activate hes6-2 transcription, in a
cell-autonomous manner, as shown after overexpression of either NGN-1 (A,AV) or NGN-2 (B,BV). Scale bars = 50 Am. The white box indicates zoomed region
(a1, b1). This is accompanied by an increase in Delta-1 transcription (C,CV) and Tuj-1+ cells (D,DV), indicating that neurogenesis is promoted by proneural
proteins. On its own, overexpression of HES6-2 alone does not promote neuronal differentiation, leading instead to a down-regulation of the neuronal marker
Tuj-1 (F,FV) and a decrease in the number ofDelta-1 expressing cells (E,EV). However, simultaneous expression of NGN-2 with HES6-2 induces the expression of
Delta-1 (I,IV) and the appearance of Tuj-1+ cells (J,JV) in a synergistic manner, when compared with NGN-2 alone. By contrast, overexpression of NGN-2 with
HES5-1 results in an antagonistic effect: 8 h after electroporation, expression ofDelta-1 (G,GV) is down-regulated, and 24 h after electroporation, a decrease in the
number of Tuj-1+ cells is observed (H,HV). Electroporated cells are shown in green due to the expression of GFP reporter. Scale bars = 50 Am.
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In this work, we describe four chick hes genes that are
expressed in the developing nervous system: three hes5-like
genes (hes5-1, hes5-2 and hes5-3) and one hes6-like (hes6-
2). All four genes are expressed in the ventricular zone of
the embryonic neuroepithelium, where neural progenitors
are located and where the Notch1 receptor is expressed. We
show that Notch signaling positively regulates the hes5
genes but reduces expression of hes6-2. The four chick hes
genes appear to be cross-regulated: each hes5 gene is able to
repress hes6-2, and all three hes5 genes seem to be
repressed by hes6-2. We propose that the function of this
hes5/hes6 circuitry is a conserved feature of the Notch
pathway, modulating the response of neuroepithelial cells to
Notch signals at different phases of their development.
A simple repertoire of hes genes in the chick
Our cloning work and the analysis of the available
genome (Release 23.1a.1) and EST databases (Boardman et
al., 2002) indicate that the chick contains 5 genes encoding
bHLH-O proteins with homology to the Drosophila E(spl)
proteins (Fig. 1). Three of these genes, named hes5-1, hes5-
2 and hes5-3, encode highly related proteins with strong
homology to mammalian HES5 proteins (Akazawa et al.,
1992; Takebayashi et al., 1995), while the other two genes
encode proteins with high homology to mammalian HES6
(Bae et al., 2000; Koyano-Nakagawa et al., 2000; Pissarra et
al., 2000) and were named hes6-1 and hes6-2. Completion
of the chick genome shall reveal if it contains further
members of the hes gene family, but analysis of the large
collection of chick ESTs now available suggests the
existence of only the five E(spl)-like genes here reported,
plus the two hairy homologues previously described
(chairy-1 and chairy-2 (Jouve et al., 2000; Palmeirim et
al., 1997)). In comparison, the zebrafish and pufferfish
genomes have a much higher number of hes genes, at least
19 (Gajewski and Voolstra, 2002; Sieger et al., 2004),
probably as a result of their genome duplication.
Analysis of the chick genome reveals that the three hes5
genes are clustered on a 20 kb region of DNA in
chromosome 21 (Supplementary Fig. 1), flanking the fang1
gene. A similar cluster of three hes5-like genes is present in
the pufferfish genome (Release 23.2c.1), located also in
close proximity to the fugu fang1 gene (data not shown),
suggesting that the hes5 cluster has been conserved from
teleosts (a similar cluster is present in zebrafish) to avians.
In mammals, however, a single hes5 gene flanks the fang1
gene, implying that the other two genes have evolved
differently. Actually, two other hes genes–hes2 and hes3 –
are present near hes5 at the tip of Chromosome 4 in mouse
(Nishimura et al., 1998), and Chromosome 1 in humans,
within a 3 Mb region. This might indicate that the hes2 and
hes3 genes derive from the ancestral hes5 cluster but have
been dispersed in the chromosome, with their promoter andcoding sequences evolving so rapidly that they cannot be
ascribed to the hes5 sub-family anymore. In addition, the
mouse hes2 and hes3 promoters are unable to respond to
Notch activation (Nishimura et al., 1998), suggesting that
these genes have lost their capacity to function as effectors
of the Notch pathway. This highlights a surprisingly rapid
evolution of the Notch pathway circuitry in mammals,
which contrasts to the established conservation of its
function in various cell fate decision processes.
Notch signaling regulates differently the expression of the
chick hes genes
In Drosophila, the E(spl) genes are direct targets and
effectors of Notch signaling in the embryonic nervous
system (reviewed in (Bray, 1998). The mouse hes5 gene, a
homologue of the Drosophila E(spl) genes, is also one of
the known targets of Notch signaling in the developing
CNS, as shown by the strong reduction of hes5 transcription
in Notch1 knock-out mice (de la Pompa et al., 1997; Lutolf
et al., 2002). Our results, from experiments involving both
gain- and loss-of-function assays for Notch signaling, show
that the hes5 genes are also Notch targets in the developing
chick CNS, being positively regulated by activation of the
Notch receptor (Fig. 5). This regulation is likely to involve
direct binding of the Su(H)/CSL-NICD complex to the
promoter regions of the hes5 genes, which contain various
putative Su(H)/CSL binding sites (Supplementary Fig. 1).
Our experiments further indicate that the chick hes5 genes
are also effectors of Notch signaling, as their overexpression
in the developing neural tube mimics the effects of Notch
activation during neurogenesis, i.e., inhibition of neuronal
differentiation and repression of the known target genes
Delta1 and ngn1 (Fig. 6).
The hes6-2 gene, in contrast, is not positively regulated
by Notch signaling, being instead repressed when the
pathway is activated in the chick neural tube. Conversely,
when Notch signaling is reduced, transcription of hes6-2
seems to increase. Another vertebrate hes gene, Danio rerio
her3, has also been shown to be repressed, rather than
activated, by Notch signaling (Hans et al., 2004). Both the
zebrafish her3 and the chick hes6-2 genes contain Su(H)/
CSL binding motifs in their promoters, however, they seem
to be insufficient to drive transcriptional activation of these
genes when Notch signaling occurs. Two hypotheses can be
advanced to explain this finding. First, other transcriptional
activators, in addition to the Su(H)/CSL-NICD complex,
might be needed to effectively promote hes6-2 activation in
the neural tube, the proneural bHLH proteins being good
candidates to play this role. Indeed, our results show that
Neurogenins are able to activate hes6-2 transcription when
ectopically expressed in the neural tube (Figs. 10A–BV),
supporting a positive role for the proneural bHLH proteins
in hes6-2 regulation. Similarly, in Drosophila, the Ac and
Sc proneural proteins were shown to cooperate with the
Su(H)/NICD complex to activate transcription of some of
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Campos-Ortega, 1994; Nellesen et al., 1999).
A second mechanism to explain why hes6-2 is not
activated by the Notch pathway, despite the presence of
Su(H)/CSL binding motifs in its promoter, might involve
the counteracting activity of transcriptional repressors that
prevent activation by the Su(H)/CSL-NICD complex in the
developing CNS. Our finding that each of the 3 hes5 genes
can repress hes6-2 transcription raises the hypothesis that
the HES5 proteins might be directly responsible for the
hes6-2 repression in Notch-responding cells through bind-
ing to the N- and E-boxes (class B/C) present in the hes6-2
promoter. It is even possible that the hes6-2 gene is initially
induced by Notch signaling, in parallel with the 3 hes5
genes, but is quickly down-regulated by the activity of these
repressors. This hypothesis could not be assessed in our
electroporation assays because, at the time when the GFP
reporter becomes visible after electroporation, transcription
of the NICD transgene and rapid accumulation of the
downstream hes5 effectors have certainly been underway
for sometime already, leading to the detectable repression of
hes6-2. Nevertheless, the presence of Su(H)/CSL binding
motifs in both the hes5 and hes6-2 promoters opens the
possibility that all 4 hes genes are equally activated by
Notch signaling, with hes6-2 being swiftly repressed by the
abundant HES5 proteins.
A cascade of hes activity in neural progenitors
Our analysis of the regulation of the four hes genes
expressed in the chick developing neural tube reveals the
existence of negative auto-regulatory mechanisms, as well
as cross-regulatory interactions between the hes5 and hes6-
2 genes. Our results led us to postulate that hes6-2 functions
as a common repressor of the hes5 genes, being itself also
repressed by these genes (Fig. 8). In addition, we propose
that this circuit of negative feedback regulation between the
hes5 and hes6-2 genes might play a key role during
neurogenesis, modulating Notch activity in both neural
progenitors and nascent neurons.
In a simple scenario, when Notch is activated in a neural
progenitor, in response to a Delta signal from a neighboring
cell, a fast and massive transcription of the three hes5 genes
will follow. As Notch effectors, their activity will be
essential to implement the decision to stay as a neural
progenitor by repressing the proneural genes (and also hes6-
2). Later on, negative auto-regulation of hes5-1 and hes5-2
would lead to a down-regulation of their own expression,
with only hes5-3 remaining functional. At this point, hes6-2
might become more active (because their repressors are now
less abundant) and would eventually suppress hes5-3
activity and terminate Notch signaling. Negative auto-
regulation of hes6-2 (data not shown) would finally close
a cycle of Notch activity and the cell can again embark on a
new process of cell fate decision. This would involve a
choice between continuing as a neural progenitor (whichrequires a new cycle of Notch activity) or committing to
neuronal differentiation (which involves a definitive release
from Notch signaling). Therefore, neural progenitors go
through cyclic bursts of Notch activity, until they finally
commit to differentiation (or instead switch to another fate,
like glial progenitor (Gaiano and Fishell, 2002)), and we
propose that the hes5/hes6-2 circuitry of negative feedback
regulation plays a central role in this mechanism.
The existence of cycles of Notch activity in neural
progenitors is also supported by the findings of Frade and
colleagues (Murciano et al., 2002), who reported that
transcription of the Notch1 gene is switched off when
neural progenitors enter S-phase, restarting later to allow the
cells to interact with their neighbors and decide their fate.
These cycles of Notch activity in neural progenitors might
be similar to the cycles described in cells of the presomitic
mesoderm (Dale et al., 2003), which also seem to rely on
negative feedback of hes genes (Lewis, 2003), in the case of
the chick, the hairy1 and hairy2 genes (Jouve et al., 2000;
Palmeirim et al., 1997). Whether the cyclic Notch activity
has a ‘‘clock-like’’ function in neuroepithelial cells, like it
seems to have during somitogenesis, is an interesting
question that merits further investigation.
The role of hes6-2 during neuronal commitment
Our analysis of hes6-2 expression during chick spinal
cord development reveals that this gene is expressed at two
different phases of neurogenesis: in neural progenitors
located in the ventricular zone, close to the apical region
of the neural epithelium, and in nascent neurons entering
differentiation, located more basally (Figs. 4D–J). Expres-
sion is higher in the latter, which shows also high levels of
Delta1 expression (Henrique et al., 1995; Myat et al., 1996).
This raises the hypothesis that hes6-2, apart from the
potential role in neural progenitors discussed above, could
also function in cells committing to differentiation, ensuring
that these cells are fully released from Notch signaling and
can become neurons.
It is known that the commitment to neuronal differ-
entiation involves the activity of the proneural bHLH
proteins, which trigger a cascade of events leading to cell
cycle exit of neural progenitors and full differentiation into
neurons (reviewed in (Bertrand et al., 2002; Ross et al.,
2003). Our results indicate that hes6-2 is a possible target of
the proneural bHLH proteins in nascent neurons. The
repressor activity of HES6-2 might be crucial to block any
hes5-mediated Notch activity in these cells, but this does not
seem to be enough to drive neuronal differentiation by itself,
as overexpression of HES6-2 in the chick neural tube does
not result in increased neurogenesis. However, simultaneous
overexpression of NGN2 and HES6-2 leads to a clear
increase in neuronal production (Figs. 10J–JV), indicating
that hes6-2 cooperates with the proneural genes to promote
neurogenesis in the chick spinal cord. In contrast, HES5
proteins seem to antagonize NGN’s proneural activity, as
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in little or no effect on neuronal production (Figs. 10G–H).
Together, these results indicate that hes6-2 functions in
nascent neurons to reinforce the decision to enter neuronal
differentiation by suppressing the inhibitory activity of the
hes5 genes.
In both mouse and Xenopus, hes6 homologues are
regulated by proneural genes and were shown to promote
neurogenesis, but only in regions of the neural plate where
the proneural genes are already expressed (Bae et al., 2000;
Koyano-Nakagawa et al., 2000), indicating some conserva-
tion of hes6 function in vertebrate neural development.
However, in contrast to our findings in the chick, the
function of hes6 in mouse and Xenopus does not seem to
involve transcriptional repression of Notch effectors.
Instead, hes6 has been shown to inhibit hes1 activity,
through the formation of HES1:HES6 heterodimers that are
unable to repress the normal HES1 targets. This correlates
to the fact that, contrarily to mHES1, the mouse HES6
protein cannot bind to N-boxes due to its shorter loop
region in the bHLH domain. Furthermore, HES1:HES6
heterodimers seem more prone to proteolytic degradation,
for which phosphorylation of a specific serine residue in
mHES6 (Ser183) seems to be crucial (Gratton et al., 2003).
In the case of the chick, not only HES6-2 lacks an
equivalent serine residue, but also its loop region is 2
amino acids longer than that of mHES6 (10 in HES6-2, 8 in
mHES6 and 13 in mHES1), raising the possibility that
HES6-2 may also have N-box binding activity. Further-
more, the expression of chick hairy-2, which encodes the
chick HES1 protein (Jouve et al., 2000), does not correlate
with Notch activity in the chick spinal cord, so it is unlikely
that HES6-2 functions during neurogenesis by controlling
HES1 activity. Instead, our results indicate that HES6-2 has
the capacity to directly repress the transcription of the chick
hes5 genes and might, in this way, modulate Notch activity.
In addition, although not addressed in this work, it is also
possible that HES6-2 forms inactive heterodimers with the
chick HES5 proteins, further hindering their activity as
Notch effectors.
In mammals, no interaction between hes5 and hes6 were
reported yet, but it is possible that hes6 also controls hes5
activity during mammalian neural development. The two
genes have very similar expression in the developing neural
tube (Bae et al., 2000; Hatakeyama et al., 2004; Koyano-
Nakagawa et al., 2000; Pissarra et al., 2000; Takebayashi
et al., 1995) and hes5 is clearly a main Notch effector during
mammalian neurogenesis (de la Pompa et al., 1997; Lutolf
et al., 2002; Ohtsuka et al., 1999). Furthermore, mouse hes6
was shown to promote neuronal differentiation in various
assays (Bae et al., 2000; Koyano-Nakagawa et al., 2000)
and it is unlikely that this activity is uniquely mediated by
the interaction with hes1, whose expression in the devel-
oping neural tube is rather restricted (Hatakeyama et al.,
2004). Therefore, although the molecular details may vary
in different cells, or between different animals, hes6 seemsto have a conserved function during vertebrate neuro-
genesis, as a negative regulator of Notch signaling.Conclusion
In vertebrates, the Notch pathway has conserved
functions in developmental processes as different as neuro-
genesis and somitogenesis, even if the components and
regulatory mechanisms might reveal some variability
between different species. This functional flexibility is a
consequence of the robustness of the Notch pathway, which
leads invariably to a stable, and simple, outcome: making
two cells (or two groups of cells) adopt distinct devel-
opmental decisions. This robustness was proposed to arise
from the existence of several interlaced negative feedback
loops, inter- and intra-cellular, that amplify minor differ-
ences in the cells’ potential and ensures that they stably
adopt different decisions (Meir et al., 2002).
One of these negative feedback loops is described in this
paper, involving the circuitry of hes5 and hes6 activity
during neurogenesis. Although the molecular details might
be different in chick and mouse, the function of this hes5/
hes6 circuitry seems to be a conserved feature of Notch
signaling in vertebrate neural development. We show that,
in nascent neurons, a hes6 gene represses the Notch
effectors encoded by hes5 genes, cooperating with the
proneural proteins to drive these cells into neuronal differ-
entiation. We also propose that the design of the hes5/hes6
circuitry supports the generation of pulses of Notch activity
in neural progenitors, which are responsible for the
maintenance of these cells within the neuroepithelium. In
this process, the hes5 genes act first as effectors of the
Notch pathway to prevent these cells from embarking on
neuronal differentiation, after which hes6 comes into action
to repress hes5 activity and terminate Notch signaling. As a
result, neural progenitors are driven back into a ‘‘neither-on-
nor-off state’’ at the end of each pulse of Notch activity,
being able to start afresh a new cell fate decision process.
Neurogenesis in the vertebrate neural tube can thus be
viewed as a reiterative process where cells go through
successive events of cell fate decision, mediated by the
Notch pathway, until all progenitors are exhausted or move
into a different competence state.Acknowledgments
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